UNCLASSIFIED 


Australian  Government 
Department  of  Defence 

Defence  Science  and 
Technology  Organisation 

The  Effect  of  Rotor  Ti  p  M  arki  ngs  on  J  udgements  of 

Rotor  Sweep  Extent 


Geoffrey  1/1/.  Stuart  and  Philip  K.  H  ughes 

Air  Operations  Division 

Defence  Science  and  Technology  Organisation 

DSTO-TR-2495 

ABSTRACT 

In  this  study  we  investigated  the  possibility  of  increasing  the  visibility  of  helicopter  rotor  tips 
when  viewed  from  the  underside.  In  an  experimental  study  we  used  a  model  of  a  rotor  blade 
spi  nni  ng  at  a  fast  enough  rate  that  it  appeared  as  a  transparent  disk.  The  ti  ps  of  the  bl  ad  es  were 
painted  fluorescent  red-orange,  and  were  observed  under  three  different  lighting  conditions.  In 
one  condition  the  tips  rotated  against  a  bright  background  with  no  additional  lighting.  In  a 
second  conditi  on  thetips  werel  it  from  theundersi  deby  a  spotli  ghtto  produce  the  samecontrast 
that  would  be  produced  by  a  searchlight  in  daytime.  In  the  control  condition  a  darker  blue 
background  was  used,  so  that  the  orange  rotor  tips  were  highly  visible.  Six  observers  used  a 
computer-controlled  pointer  that  they  placed  directly  under  the  far  edge  of  the  visual  disk 
produced  by  the  spinning  rotors.  Overall,  the  results  indicated  that  the  ability  to  judge  the 
distance  of  a  spinning  rotor  is  not  strongly  affected  by  lighting  conditions.  It  therefore  appears 
that  the  problem  of  judging  the  distance  of  rapidly  spinning  helicopter  rotors  is  unlikely  to  be 
solved  by  enhancing  their  visibility. 
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The  Effect  of  Rotor  Ti  p  M  arki  ngs  on  J  udgements  of 

Rotor  Sweep  Extent 


Executi  ve  Su  mmary 


I  n  thi s  study  we  i  nvesti gated  the  possi  bi  lity  of  i  ncreasi  ng  the  vi  sibility  of  heli  copter  rotor 
tips  when  viewed  by  observers  from  the  underside.  The  effect  of  rotor  visibility  on  the 
ability  to  accurately  judge  the  distance  of  the  tips  was  the  primary  variable  of  interest. 
Rotor  paint  schemes  have  been  used  to  increase  the  visibility  of  spinning  propellers  and 
tail  rotors  when  aircraft  are  on  the  ground.  They  have  also  been  used  to  increase  the 
visibility  of  rotorcraftwhen  viewed  from  above.  However,  these pai nt  schemes  havenot 
been  used  on  the  undersi  deof  hel  i  copter  mai  n  rotors.  Thi  s  i  s  because  the  rotors  are  usual  ly 
viewed  in  silhouette  against  a  brighter  background. 

In  the  laboratory  we  used  a  model  of  a  45cm  diameter  rotor  blade  spinning  at  a  fast 
enough  rate  that  it  appeared  as  a  transparent  disk.  The  tips  of  the  blade  were  painted 
fluorescent  red-orange.  The  view  of  observers  was  restricted  to  the  region  of  the  tips  by 
means  of  a  head  restraint  and  a  viewing  aperture.  The  viewing  distance  was  2.64  m  so  that 
the  rotor  disk  subtended  9.7  deg.  Three  lighting  conditions  were  used.  I  noneconditi  on  the 
tips  rotated  against  a  bright  background  with  no  additional  lighting.  In  asecond  condition 
thetipswerelitfromtheundersideby  a  spotlight  to  produce  the  same  contrast  that  would 
be  produced  by  a  searchlight  in  daytime.  In  the  control  condition,  a  dimmer  blue 
background  was  used,  so  that  theorange  rotor  tipswerehighly  visible.  Six  observers  used 
a  computer-control  led  pointer  that  they  placed  so  that  it  was  apparently  directly  under  the 
far  edge  of  the  visual  disk  produced  by  the  spinning  rotors.  Each  observer  made  30 
adjustmentsunderthethreelightingconditions. 

D  ay  I  i  ght  photometry  showed  that  even  the  bri  ghtest  fl  uorescent  pai  nts  wou  I  d  be  i  nvi  si  bl  e 
agai  nst  the  dayti  me  sky  w  i  thout  an  i  ntense  arti  f  i  ci  al  I  i  ght  sou  rce  such  as  a  searchl  i  ght.  The 
experimental  results  showed  bias  in  observers'  distance  judgements  that  was  consistent 
across  thethree  conditi  ons.  Withi  n  each  conditi  on,  therewas  si  ow  drift  of  i  ncreasi  ng  error 
in  distance  judgement  during  the  30  tri als.  This  drift  was  removed  by  fitting  a  cubic 
polynomial  function.  The  residuals  from  this  trend  line  appeared  to  be  randomly 
distri  buted.  Thevari  ance  of  these  residuals  was  somewhat  less  under  theconditi  on  where 
the  tips  were  artificially  lit  from  below,  but  were  viewed  against  a  bright  background. 
O  veral  I ,  th e  resu  I  ts  i  n d  i  cated  that  the  abi  I  i  ty  to  j  u d  ge  the  d  i  stan ce  of  a  sp i  n  n i  n g  rotor  i  s  n ot 
strongly  affected  by  I  ighti  ng  conditi  ons.  This  i  s  because  when  viewi  ng  a  nearly  horizontal 
linethrough  an  aperture,  therearefew  cues  to  depth.  In  this  situation,  theaccommodative 
state  of  the  eyes  might  account  for  the  paradoxical  result  that  under  high  contrast 
conditions,  performance  was  not  enhanced.  It,  therefore,  appears  that  the  problem  of 
judging  the  distance  of  rapidly  spinning  helicopter  rotors  is  unlikely  to  be  solved  by 
enhanci  ng  thei  r  vi  si  bi  I  ity. 
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1.  Introduction 

Thepurpose  of  the  research  described  inthisreportwastoexaminewhdiher  rotortip  markings 
woul  d  have  any  effect  on  theabi  lity  of  heli  copter  pilots  to  judge  the  extent  of  mai  n  rotor  sweep. 
Misperception  of  the  distance  of  the  outer  edge  of  helicopter  rotor  blades  may  contribute  to 
strikes  between  rotor  blades  and  nearby  objects,  with  potentially  severeconsequences.Theaim 
of  thi  s  project  was  two-fol  d .  The  fi  rst  ai  m  was  to  i  nvesti  gate  ways  of  maki  ng  he!  i  copter  rotor 
tips  more  visible  to  the  pilot.  The  second  aim  was  to  determine  whether  increased  visibility 
improves  the  judgement  of  the  distance  of  the  rotor  tips,  with  a  view  to  minimising  the 
incidence  of  rotor  strikes  with  obstacles. 

1.1  Rotor  stri  ke  i  nci  dents 

A  rotor  strike  can  betheresultof  judging  the  rotor  disk  to  bedoser  than  its  actual  distance,  an 
object  to  be  more  distant  than  its  actual  distance,  or  a  combination  of  these  judgement  errors. 
Anecdotally,  it  is  thought  that  experienced  pilots  learn  the  extent  of  the  rotor  disk,  and  that 
stri  kes  are  more  I  i  kely  to  be  the  result  of  percei  vi  ng  thedi  stanceof  obstad  es  i  n  theenvi  ronment 
to  be  farther  than  their  true  distance.  This  kind  of  error  is  likely  to  occur  in  conditions  where 
there  i  s  an  i  mpoveri  shment  of  depth  cues.  For  exampl  e,  when  a  hel  i  copter  hovers  i  n  front  of  a 
diff-face,  or  is  descending  close  to  a  forest  clearing,  there  are  few  linear  perspective  cues,  and 
the  main  cue  to  distance  is  the  texture  of  the  potential  obstacle.  If  the  texture  of  rocks  or 
vegetation  is  finer  than  that  usually  encountered,  the  pi  lot  may  assume  that  the  surface  of  the 
obstacle  is  further  away  than  it  really  is,  increasing  the  chances  of  a  rotor  strike. 

H  owever,  some  i  nci  dents  have  been  attri  buted  anecdotal  I  y  to  d  iff i  culti  es  seei  ng  the  edge  of  the 
transparent  di  sk  formed  by  thespi  nni  ng  rotors,  or  to  thediffi  culty  of  esti  mati  ng  thedi  stanceof 
afaint,  nearly  horizontal  edge.  Becauseour  eyes  are  separated  horizontally,  the  visual  system 
requires  vertical  or  oblique  contours  in  the  visual  scene  for  an  observer  to  make  use  of  the 
binocular  distance  cue  of  retinal  disparity,  or  stereopsis,  for  distance  judgements.  Accurate 
distance  estimation  is  required  in  these  situations  where  both  visual  contrast  and  cues  to 
stereopsis  are  impoverished.  The  question  addressed  in  this  study  is  whether  an  improvement 
inthevisual  contrast  of  the  rotor  tips  can  be  achieved,  and  if  so,  will  it  improvethe  accuracy  of 
d  i  stance  esti  mati  on? 

1.2  Rotor  visibility 

Research  i  nto  the  vi  sibility  of  rotors  has  been  carri  ed  out  i  n  two  contexts.  There  has  been  i  nterest 
in  the  problem  of  persons  being  stuck  by  the  propellers  of  aeroplanes  or  the  tail  rotors  of 
heli  copters  while  boarding  or  disembarking  (Collins  et  al.,  1981;  Collins,  1993).  There  has  also 
been  research  into  the  problem  of  helicopters  colliding  with  other  helicopters  while  landing, 
due  to  the  pilots'  difficulty  in  seeing  rotorcraft  below  them,  especially  in  dusty  conditions 
(Bynum  et  al.,  1967;  Crosley,  Bailey  &  N  ix,  1967).  Wehave,  however,  not  found  any  published 
research  into  the  visibility  of  main  rotors  from  the  pilot's  point  of  view,  for  reasons  that  will 
become  apparent  bel  ow . 

There  are  no  compulsory  standards  relating  to  the  visibility  of  propellers  or  tail  rotors.  Paint 
schemes  used  to  makethese  more  visible,  especially  when  rotating,  reflect  only  thechoiceof  the 
ai  rcraft  manufacturer.  There  i  s  a  I  ong  hi  story  of  research  i  nto  thi  s  i  ssue.  Lazo  (1954)  found  that  a 
colour  scheme  incorporating  black,  white  and  red  located  concentrically  on  the  propellers  of 
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fixed  wing  aircraft  to  be  superior  to  other  schemes  tested.  Further  investigations  were  carried 
out  by  C  rosl  ey  et  al.  (1972),  who  consi  dered  thefol  I  owi  ng  factors  i  n  rel  ati  on  to  the  vi  si  bi  I  ity  and 
conspicuity  of  different  paint  schemes: 

1.  Colour  contrast  with  the  background 

2.  Colour  contrast  within  the  paint  scheme 

3.  Brightness  contrast  with  the  background 

4.  Brightness  contrast  within  the  paint  scheme 

5.  The  ability  of  the  paint  scheme  to  generate  the  visual  sensation  of  flicker 

6.  The  interaction  of  the  above  factors  with  rotational  speed 

7.  The  retinal  angle  subtended  by  the  propeller  or  rotor 

The  visibility  of  numerous  col  our  schemes  was  tested,  both  with  large  blades  (propellers)  and 
small  blades  (tail  rotors).  Based  on  the  conspicuity  ratings  of  observers,  made  against  different 
backgrounds  (treeline,  open  field,  other  ai  rcraft/  buildings),  the  researchers  recommended  the 
colour  scheme  illustrated  in  Figure! 


Figurel:  The  colour  scheme  recommended  by  Crosley  et  al.  (1972)  to  maximise  the  conspicuity  of 
propellers  and  tail  rotors 

This  scheme  comprises  fluorescent  red-orange  tips,  combined  with  alternating  black  and  white 
segments  on  opposing  blades,  to  create  perceptual  flicker  at  low  rotational  speeds.  It  was 
subsequently  found,  however,  that  the  fluorescent  paint  tended  to  become  viscous  and 
"gummy"  at  high  speeds,  and  faded  rapidly  with  exposure  to  UV  light.  Crosley  et  al.  (1972) 
therefore  recommended  thesecond-best  scheme,  using  high-gloss  yellow  in  pi  ace  of  red-orange 
fluorescent  paint.  Unfortunately,  they  did  not  try  a  gloss  red-orange  paint  within  the  study. 
Modern  fluorescent  paints  are  UV-resistant  and  have  improved  mechanical  stability.  They  are 
not  in  widespread  use,  probably  because  of  higher  maintenance  costs.  Nonetheless,  for 
experimental  purposes  we  have  persisted  with  the  most  conspicuous  colour  (fluorescent  red- 
orange)  i  n  the  present  study. 


2.  Method 

2.1  Photometry  for  the  rotor  blade  experi  merit 

In  the  present  study,  we  tested  whether  the  main  rotors  of  helicopters  can  be  made  more 
conspicuous  from  the  point  of  view  of  the  pilot.  In  this  situation,  under  daylight  viewing 
conditions,  the  rotor  blades  appear  as  a  faint  dark  transparent  disk  against  the  background. 
Coloured  paints  also  appear  dark  dueto  a  "silhouetting"  effect.  In  order  to  make  the  situation 
more  comparable  to  the  case  of  propellers,  tail  rotors,  or  main  rotors  viewed  from  above,  it 
would  be  necessary  to  have  an  ©eternal  light  source  illuminate  the  underside  of  the  blade.  It 
may  be  possi  bl  eto  modify  a  searchl  i  ght  to  i  1 1  umi  natethe  undersi  deof  the  mai  n  rotor  bl  ades  i  n 
dayl  i  ght,  i  n  combi  nati  on  with  a  conspi  cuous  pai  nt  scheme  appl  i  ed  to  the  underneath  surface  of 
the  blades.  To  test  these  possibilities,  we  needed  to  measure  representative  luminance  in  an 
outsi  deenvi  ronment  so  that  equi  val  ent  contrast  rel  ati  onshi  ps  coul  d  be  tested  i  n  the  I  aboratory, 
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albeit  at  lower  absolute  luminance  levels.  The  level  of  daylight  illumination  using  searchlights 
was  also  estimated. 

It  was  estimated  that  a  helicopter  spotlight  can  illuminate  the  ground  to  a  level  of  32  lux  at  a 
distance  of  1,000  m.  Using  the  inverse  square  law,  this  corresponds  to  5700  lux  at  7.5  m,  the 
approximate  distance  of  the  blade  tip  from  the  pilot  in  a  medium-weight  helicopter.  The 
measured  reflectivity  (including  fluorescence)  of  orange-red  fluorescent  paint  is  approximately 
60%.  T o  convert  i  I  umi  nance  and  refl  ectance  to  surface  I  umi  nance  we  used  the  fol  I  owi  ng: 

5700 1  ux  x  60%  refl  ectance  =  3420 1  m/  m2 
and  3420/  n  =  1088  cd/  m2 

The  I  u  mi  nance  of  the  dayti  me  sky  can  be  u  p  to  4000  cd/  m2,  so  the  best  I  u  mi  nance  contrast  that 
can  be  achi  eved  for  the  undersi  de  of  bl  ades  agai  nst  the  sky  i  s  i  n  a  rati  o  of  approxi  mately  1:4. 

2.2  Luminance  contrast  under  daylight  conditions 

To  confi  rm  the  above  val  ues,  we  carried  out  photometry  i  n  theoutsideenvi  ronment  during  the 
middle  of  the  day.  The  grounds  of  DSTO  contain  several  aircraft,  surrounded  by  a  mixture  of 
grass,  concrete  and  asphalt  and  weused  an  aircraftwing  as  a  representative  helicopter  rotor 
blade  in  order  to  assess  luminance  contrast  from  light  reflected  from  the  ground  onto  the 
underside  of  a  horizontal  surface.  A  card  painted  with  fluorescent  orange-red  paint  was 
mounted  on  the  underside  of  the  aircraft  wing  1.8  m  above  the  ground.  Illuminance  and 
reflected  luminance  were  measured  using  a  Pritchard  Spectrophotometer.  The  illumination 
produced  by  the  sky  on  this  day  on  the  horizontal  plane  was  2.89  x  104  lux.  The  illuminance 
reflected  from  the  ground  to  the  underside  of  the  wing  was  LlxlCPIux.  The  direct 
measurements  of  surface  luminance,  obtained  with  1/  8 deg  and  3  deg  fields  of  view  of  the 
spectrophotometer  are  given  in  Table! 

Tablel:  Surface  luminance 


Aperture  (deg) 

Surface 

Luminance  (cd/m2) 

1/  8 

Red -orange  pai  nt  viewed  at  angle 

2.88xl0z 

Red-orange  painted  view  from  below 

2.68x102 

Background  sky 

1.78  x  104 

3 

Red-orange  paint  viewed  at  angle 

2.25x102 

Red-orange  painted  view  from  below 

2.88x102 

Background  sky 

1.60x102 

There  is  some  variance  in  these  measures  that  is  probably  due  to  the  variability  of  the  sky 
illumination  from  changing  cloud  conditions  during  the  course  of  taking  measurements.  It  is 
apparent  that  the  red-orange  pai  nt  i  s  a  good  d  iffuse  refl  ector,  because  there  is  little  change  i  n  the 
reflected  luminancewith  viewing  angle.  Itisalsodearthatalimited  amount  of  reflected  lightis 
availableto  illuminate  the  paint  on  the  underside  of  the  wing.  Thus,  the  painted  surfacewas 
silhouetted  agai  nst  the  bright  sky,  making  the  colour  difficult  to  see. 
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2.3  M  easured  luminance  in  the  laboratory 

Although  it  was  not  possible  to  replicate  the  daytime  sky  luminance  in  the  laboratory,  it  is 
i  important  for  this  study  to  repl  i  cate  the  same  approxi  mate  I  umi  nance  rati  os  and  ensure  that 
both  I  umi  nances  are  in  the  photopic  range  so  that  col  ours  can  be  easily  seen. 

Using  a  small  spotlight,  weil  I  uminatedtheundersideof  a  model  rotor  bladewhich  had  its  tips 
painted  in  orange-red  fluorescent  paint  so  that  the  reflected  luminance  was  110  cd/  m2.  The 
background  luminance  created  by  a  projector  and  a  spotlight  was  551  cd/  m2  which  is  in  the 
correct  range  for  the  equivalent  daylight/ searchlight  combination.  This  ensured  that  the 
luminance  contrasts  were  comparable  to  the  measurements  observed  using  daylight 
photometry. 

When  the  blade  rotated  atafast  enough  ratefor  itto  appear  as  a  transparent  disc,  the  apparent 
background  luminanceof  551  cd/  m2was  reduced  to  505  cd/  m2.This  relatively  low  contrast  of 
4.3%  (M  ichelson)  is  similar  to  that  of  a  helicopter  rotor  blade  seen  against  the  sky.  If  average 
threshold  contrast  is  approximately  l%,then  it  is  apparentthattheedgeof  a  helicopter's  rotor 
disk  isdifficultto  see.  Indeed,  if  col  our  is  added  to  thetips,  that  colour  isal  so  not  visible  because 
add  i  ti  on  of  col  ou  r  i  s  I  i  kel  y  to  red  uce  I  u  mi  nance  contrast.  The  col  ou  r  contrast  can  be  i  ncreased  by 
illuminatingtheundersideofthebladeto  increase theamount  of  coloured  light  reflected  from 
thetip  of  the  blade,  but  at  the  expense  of  reducing  I  umi  nance  contrast  even  further  to  1.8%.  The 
luminance  of  the  illuminated  red  orange  blade  was  such  that  the  background  viewed  through 
the  spinning  blade  had  a  I  umi  nance  of  535  cd/  m2. 

2.4  Apparatus 

The  apparatus  is  shown  in  Figure  2  and  consisted  of  a  long  metal  track  on  which  was  mounted  a 
computer-controlled  pointer  that  could  be  moved  backwards  and  forwards  by  either  the 
observer  or  experimenter  using  a  joystick.  Electronic  sensors  along  the  track  allowed  the 
computer  to  accurately  determine  the  position  of  the  pointer,  and  this  was  displayed  to  the 
experi  menter.  A  bovethetrack  was  a  model  45  cm  di  ameter  four-bl  aderotor  angled  towardsthe 
viewer  so  that  the  drive-motor  could  be  masked  from  view.  A  viewing  aperture  was  used  so 
that  the  observer  saw  only  the  rotor  blade  and  thetip  of  the  pointer  underneath,  as  shown  in 
Figure  3.  A  hemispherical  and  conformal  head  restraint  and  chinrest,  which  together  precluded 
any  head  movements,  were  used  to  maintain  the  viewing  distanceof  2.64  mfromthefar  edge  of 
the  spinning  rotor  so  that  the  disk  subtended  approximately  9.7  deg,  and  also  to  prevent  the 
observer  from  looking  under  the  aperture. 
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Figure2:  Experimental  apparatus.  See  text  for  description 


2.5  Procedure 

After  screeni  ng  for  visual  abi  I  iti  es  (see  bel  ow)  the  observers  were  seated  and  they  pi  aced  thei  r 
head  intheheadrestThey  were  familiarised  withtheuseofthejoysticktomovethecomputer- 
control  I  ed  poi  nter.  The  experi  menter  then  moved  the  poi  nter  wel  I  aw  ay  from  the  poi  nt  d  i  recti  y 
underneath  the  rotor  blade.  The  observers  were  instructed  to  pi  ace  the  poi  nter  directly  under 
thefar  edge  of  the  rotor  bl  ade  by  fi  rst  movi  ng  the  poi  nter  to  the  other  side  of  the  edge  at  I  east 
once,  rather  than  stopping  as  soon  as  they  could  not  perceive  any  difference^  depth  between 
the  rotor  blade  and  the  pointer.  This  was  done  to  minimise  starting  point  effects.  For  each 
condition,  the  observers  made  30  consecutive  adjustments,  from  starting  points  strictly 
alternating  between  in  front  of,  and  behind,thedesired  I  ocati  on.  This  represented  themini  mum 
number  of  observations  required  to  estimate  the  variability  of  responses  under  each  viewing 
condition. 

2.6  Design 

The  experi  mental  design  consisted  of  three  experi  mental  conditions.  In  the  control  condition, 
the  background  was  blue,  and  the  rotor  was  illuminated  from  below  to  make  the  red-orange 
paintonthetipsvisible(seedetailed  description  of  luminanceabovej.Thisconditi on  isref erred 
toasthe"Blue"  condition,  and  is  illustrated  in  Figure4.  Notethatthisdegreeof  contrast  could 
not  be  achieved  under  daylight  conditions.  It  was  included  to  determine  if  the  high  contrast 
would  lead  to  improved  depth  perception.  I  ntheother  two  conditions  the  rotorwas  presented 
against  a  bright  white  background  without  benefit  of  additional  illumination  ("Light-Off" 
condition),  or  with  the  extra  lighting  ("Light-On"  condition)  directed  at  the  rotor  blades.  The 
"Blue",  "On"  and  "Off'  conditions  were  presented  in  a  counterbalanced  order. 
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Figure3:  The  pointer  and  spinning  rotor  bladeas  viewed  by  theobserver.  Therotor  bladeis  the  faint 
disk  at  the  top  of  the  figure.  U  nder  full  white  background  luminance,  the  transparent  disk 
could  not  be  seen  on  a  photograph,  but  was  visible  to  the  observers.  With  additional 
illumination  the  coloured  markings  could  be  seen  faintly.  (Thediscisbestvi&vedon  a  display 
monitor  using  the  electronic  version  of  this  report.  The  background  in  this  photograph  has 
been  adjusted  in  order  to  enhance  the  disk  for  illustrative  purposes.) 


Figure  4:  The  same  rotor  bladeilluminated  from  below  to  reveal  thered-orangemarkings.  Thisdegreeof 
contrast  cannot  be  achieved  under  daylight  conditions,  but  was  included  as  a  control 
condition. 


2.7  Observers 

Fivemaleand  one  female  volunteers  aged  between  22  and  36,  were  used  as  observers  i  n  the 
experiment.  All  were  screened  for  normal  visual  acuity  with  a  Snellen  chart,  for  colour  vision 
usi  ng  the  I  shi  hara  pi  ates,  and  for  stereovi  si  on  usi  ng  theTN  O  stereo  test.  A 1 1  parti  ci  pants  were 
DSTO  scientific  and  technical  staff,  and  nonewere  rotary  wing  aircrew. 
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Figure  5  and  Figure  6  show  the  distance  settings  made  by  each  observer  as  a  function  of 
su  ccessi  ve  tri  al  s.  The  I  eft  hand  panels  show  theraw  results  for  the  each  observer.  Two  features 
are  readily  apparent.  First,  there  are  individual  biases  in  the  average  settings  made  by  each 
observer.  Second,  in  many  cases  thisbi  as  showed  a  slowly  varying  drift  across  the  30  trials.  In 
several  cases,  polynomial  regression  showed  significant  departures  from  stationarity. 

In  order  to  remove  the  drift,  cubic  polynomial  functions  were  fitted  to  each  set  of  thirty  trials, 
and  the  data  are  replotted  as  residuals  from  these  lines  in  the  right  hand  panels.  The  mean 
standard  deviationsfrom  all  parti  ci  pants  and  forthethreeexperi  mental  conditionsareshownin 
Table  2. 

T  able  2:  Standard  de/iation  of  residuals  from  fitted  polynomial  regressions  of  adjustment  settings 


Condition 

Standard  Deviation  of  Residuals 

Mean  (mm) 

Standard  Error  (mm) 

"Blue”  residual 

39.66 

5.01 

"On"  residual 

31.82 

3.32 

"Off"  residual 

38.39 

3.96 

"Blue"  unadjusted 

44.78 

4.80 

"On"  unadjusted 

38.42 

3.87 

"Off"  unadjusted 

51.53 

8.82 

The  residual  values  are  of  primary  interest,  and  the  condition  where  the  light  was  "On",  but 
was  presented  againsta  brightwhite  background,  yielded  asmaller  standard  deviation  than  the 
other  two  conditions.  As  can  be  seen  in  Table  3,  this  standard  deviation  was  significantly 
smal  I  er  than  when  the  I  i  ght  was  "Off" .  The "  Bl  ue"  control  cond iti  on  provi  ded  a  si  i  ghtl y  I  arger 
average  standard  deviation  than  the  "Off"  condition,  but  failed  to  reach  significance  when 
compared  to  the  "On"  condition,  due  to  its  larger  standard  error.  These  results  were  not  as 
predicted,  and  their  practical  implications  arediscussed  below. 

T able 3:  N  umerical  difference  in  mean  residuals  and  results  of  t-tests 


Comparison 

Difference 

t 

df 

P 

"Blue"  residual  vs.  "On"  residual 

7.8400 

2.505 

5 

.054 

"On"  residual  vs.  "Off"  residual 

-6.5700 

-5.290 

5 

.003 

"Blue"  residual  vs.  "Off"  residual 

1.2700 

0.462 

5 

.664 

"Blue"  unadjusted  vs  "On"  unadjusted 

6.3583 

4.321 

5 

.008 

"On"  unadjusted  vs  "Off"  unadjusted 

-12.9083 

-1.755 

5 

.140 

"Blue"  unadjusted  vs  "Off"  unadjusted 

-6.5500 

-1.073 

5 

.332 
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On  Trend 


Trial  Number  Trial  Number 

Figure5:  Results  for  thefirst  three  observers  (top,  middle,  and  bottom  rows)  under  thethreeviewing 
conditions.  The  I  eft  pan  els  show  theraw  distance  settings  and  cubic  polynomial  trends.  The 
right  hand  panels  show  residuals  from  the  polynomial  trend  lines. 
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On  Trend 


Trial  Number  Trial  Number 

Figure6:  Results  for  the  remaining  three  observers  (top,  middle,  and  bottom  rows)  under  the  three 
viewing  conditions.  The  left  panels  show  the  raw  distance  settings  and  cubic  polynomial 
trends.  The  right  hand  panels  show  residuals  from  the  polynomial  trend  lines. 
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4.  Discussion 

The  results  demonstrated,  somewhat  contrary  to  expectation,  that  participants'  ability  to 
accurately  and  consistentlyjudgethedistanceofthetipsof  a  model  rotor  bladedid  notdepend 
on  the  degree  of  vi  sual  contrast  of  the  rotor  ti  ps  w  ith  the  background .  I  n  fact,  the  condi  ti  on  w  ith 
the  highest  contrast  i.e.  "Blue",  which  was  included  as  a  control  condition,  resulted  in  the  most 
degraded  performance.  The  si  i  ght  reducti  on  i  n  the  vari  ance  of  di  stance  setti  ngs  usi  ng  artifi  ci  al 
illumination  must  be  considered  in  the  context  of  the  high  degree  of  individual  variation  and 
the  drift  in  settings  within  the  blocks  of  trials.  This  means  that  any  technical  intervention  to 
provide  illumination  of  painted  rotor  tips  from  below  is  unlikely  to  overcome  the 
i mpover i sh ment  of  vi su al  d epth  cu es  th at  makes  th i s  j u d gement  so  difficul t. 

M  ost  binocular  and  monocular  cues  to  distance  are  absent  in  theexperi  mental  setup  used  in  this 
study.  This  parallels  the  real  situation  of  a  pilot  viewing  the  rotor  blades  from  within  a 
helicopter.  Importantly,  the  transparent  arc  formed  by  the  spinning  rotors  is  virtually  a 
horizontal  line,  especially  just  above  the  pointer  where  the  observer  was  required  to  judge 
di  stance.  I  n  a  hel  i  copter,  the  rotor  traces  out  an  even  wi  der  arc.  Thi  s  rul  es  out  the  use  of  both 
binocularstereopsisand  vergenceascuesto  depth. Thedistanceof  objects  lying  ontheground 
can  be  j  u  dged  usi  ng  monocu  I  ar  d  i  stance  cu  es  su  ch  as  I  i  near  perspecti  ve,  textu  re  grad  i  ents  and 
visual  elevation.  Some  use  of  elevation  angle  might  be  used  to  judge  the  distance  of  the  rotor 
tips  of  a  real  helicopter  as  these  are  known  to  be  roughly  horizontal.  In  this  experiment, 
however,  the  model  rotor  had  to  be  tilted  to  remove  the  centre  of  the  rotor  from  the  field  of 
view,  also  rul  ingout  this  cue.  Perhaps  theremainingcuetodistanceistheaccommodativestate 
of  the  eyes  when  focussi  ng  on  the  rotor  ti  ps. 

A  visual  accommodation  cue  is  known  to  be  a  relatively  poor  cue  to  distance.  For  example, 
Takeda  eta/.  (1999)found  that  other  cues  to  apparent  depth  droveaccommodation,  rather  than 
the  reverse.  That  is,  the  eyes  tend  to  initially  focus  to  the  perceived  distance  of  an  object.  In  a 
recent  study,  Mon-Williams  &  Tresilian  (2000)  found  that  accommodation  was  a  very  poor 
absol  ute  di  stance  cue.  When  it  was  the  sol  e  cue  avai  I  abl  e,  they  reported  that  "observers  were 
extremely  poor  at  carrying  out  the  task  when  accommodation  was  the  only  distance  cue 
available.  Responses  on  individual  trialsborelittlerelationshiptotheactual  target  distance  in 
any  of  the  observers"  (p391).  Accommodation  appeared  to  provide  a  weak  cue  to  ordinal 
distance  of  targets  on  successive  trials.  Thus,  accommodation  may  be  of  some  use  when  two 
objects  are  i  n  vi  ew ,  as  i  n  the  present  experi  ment.  N  onethel  ess,  the  bi  as  and  drift  observed  i  n  the 
experiment  is  consistent  with  the  findings  of  Mon-Williams  &  Tresilian  (2000). 

The  vari  able  performance  exhibited  by  our  participants  and  the  resultthatthehighest  contrast 
stimulus  condition  resulted  in  the  poorest  performance  suggests  that  the  depth  alignmenttask 
was  diffi  cultto  perform.  Wecond  udethat the  lack  of  sal  ient  depth  cues  avai  lableto  parti  ci  pants 
made  this  a  very  difficult  task.  Although  motion  parallax  is  a  monocular  cue  that  is  usually 
avai  lableto  make  depth  judgements,  it  was  unavail  abl  eto  our  participants  because  their  head 
w  as  restrai  ned .  We  al  so  cond  ude  there  w  ere  no  bi  nocu  I  ar  cues  avai  I  abl  e  because  the  hori  zontal 
appearance  of  the  spinning  disk  did  not  provide  any  compelling  horizontal  disparity  cues. 
A  Ithough  we  di  d  not  measure  or  control  for  the  accommodative  status  of  observers,  this  cue  i  s 
unlikely  to  provide  accurate  depth  judgements  (Mon-Williams&Tresilian,  2000),  and  in  any 
case  the  high  contrast  "Blue"  condition  resulted  in  relatively  poor  performance.  There  are 
thereforefew  opportunities  to  ameliorate  the  relative  difficulty  of  this  alignmenttask  in  such  an 
impoverished  visual  environment. 
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